Background: Indoleamine 2,3-dioxygenase (IDO) is an enzyme associated with the regulation of immune responses. Cytokines such as IFNγ induce its expression in endothelial cells originating from immune-privileged sites. In this study, we investigate regulators of IDO in primary endothelial cells from a non-immune-privileged site and determine whether IDO expression affects immune cell behavior. Methods: IDO expression was determined using real-time quantitative polymerase chain reaction and immunoblotting. IDO activity was estimated using an IDO enzyme assay. Primary cells were transfected using microporation, and T-cell migration was determined using a cell transmigration assay. 
Introduction
The endothelial cell plays a central role in the control of inflammatory processes and can be involved in graft rejection, atherosclerosis, and vasculitides. [1] [2] [3] In addition to the effect of endothelial cells in the recruitment of leukocytes into inflammation sites, 4, 5 they can also present antigens to white blood cells influencing their activation and transmigration. [6] [7] [8] [9] Indoleamine 2,3-dioxygenase (IDO) is an intracellular heme-containing enzyme that catalyzes the oxidative cleavage of the indole ring of l-tryptophan to produce kynurenine metabolites. 10 Depletion of l-tryptophan from the local microenvironment together with the production of kynurenine can modulate inflammation responses. 11, 12 IDO activation has been associated with antimicrobial effects and the modulation of T-cell responses, 13 at least partly by enhancement of proliferation of regulatory T-cells. 14, 15 Increased expression of IDO is related to a favorable environment for tumor growth and graft survival, [16] [17] [18] [19] the pathophysiology of depression, 20, 21 and protection against pulmonary hypertension.
22 IDO activity may be affected not only at the transcriptional and translational level, but also by posttranslational modification and SOCS3-associated differential degradation.
What is currently not known is whether immuneregulatory molecules such as IDO mediate graft rejection exhibited by endothelial cells. When human umbilical vein endothelial cells (HUVECs) were stimulated with IFNγ, IDO expression and activity were increased. In addition, it was shown that IDO activity inhibition enhanced the ability of HUVECs to stimulate allogeneic T-cell responses. 26 Treatment of cells originating from non-immune-privileged sites such as human saphenous vein endothelial cells (HSVECs) with IFNγ did not upregulate IDO. 26 In a nonvascular in vitro model of human corneal endothelial cells (HCECs) IFNγ-driven upregulation of IDO had no effect on T cell proliferation. 27 In this study, we used primary cells isolated from a non-immune-privileged source, the saphenous vein, to investigate factors that affect IDO regulation and determined whether forced expression of IDO in these cells affected immune cell migration.
Materials and methods

Isolation of primary endothelial cells from human saphenous veins
Primary endothelial cells from human saphenous veins were isolated using the method described elsewhere. 28 Briefly, both ends of the vein were sutured and the lumen was filled with 10 mL prewarmed 1 mg/mL collagenase II solution (Sigma-Aldrich Co, St Louis, MO, USA) and incubated at 37°C for 10 minutes. Then collagenase II solution was collected and vein was flushed with 10 mL trypsin-ethylenediaminetetraacetic acid and the effluent was collected again. Cells were pelleted and plated in a T25 flask. Endothelial cells were further purified with anti-CD105 microbeads using MS columns (Miltenyi Biotech, Auburn, CA, USA). Cell fractions showing high levels of staining for von Willebrand factor were used.
cell culture and propagation
Cells were maintained in a subconfluent monolayer at 37°C in a humidified atmosphere containing 5% CO 2 . Endothelial medium was prepared by combining equal volumes of endothelial SFM (Thermo Fisher Scientific, Waltham, MA, USA) and endothelial EGM2 medium (Walkersville, MD, USA) and adding per 500 mL medium 5 mL of penicillin/ streptomycin, 5 mL glutamine, and 5 mL of 5 mg/mL endothelial cell growth supplement purchased from BD Biosciences (San Jose, CA, USA). They were subcultured using trypsin, and screening for mycoplasma contamination was carried out on a regular basis. For experimental use, cells were treated with recombinant human IFNγ, recombinant human TNFα, recombinant human IL-2, recombinant human IL-4, recombinant human IL-6, recombinant human IL-10, and recombinant human VEGFβ, all purchased from Peprotech (Rocky Hill, NJ, USA).
IDO activity assay
IDO activity was determined in wells exhibiting cell confluency greater than 70% using a colorimetric assay based on detection of kynurenine as described previously. 29, 30 Briefly, l-kynurenine standards (0-200 µM) were prepared in endothelial medium. Kynurenine in control, test, and standard samples was precipitated by incubation with 30% trichloroacetic acid at 50°C for 30 minutes and centrifuged at 2,000× g for 10 minutes. Visualization of signal took place by adding equal volumes of Ehrlich reagent to the supernatant and incubation at 65°C for 15 minutes. Ehrlich reagent was prepared using 6.2 mL 1-propanol, 1.5 mL distilled water, 2.6 mL of 70% perchloric acid, and 1.5 g of 4-dimethylbenzinamide, all purchased from Sigma-Aldrich Co. Absorbance was measured at 492 nm in a colorimetric plate reader.
cell homogenization and Western blotting
Control and treated cells were harvested from flasks, washed in phosphate-buffered saline, and lysed in SDS sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% w/v SDS, 10% glycerol, 50 mM DTT, and 0.01% bromophenol blue) for 5 minutes on ice and sonicated for 10-15 seconds. Samples were then heated for 5 minutes at 90°C, micro-centrifuged briefly, and stored at -20°C. Antibodies against IDO and SOCS3 were purchased from Abcam (Cambridge, UK). Primary antibody of interest diluted in blocking buffer (1.5% milk in Tris-buffered saline/ Tween 20, pH 7.6) containing 5% BSA was added to the membranes and left incubating overnight at 4°C. Membranes were then washed and incubated with secondary antibody. Signal was visualized on X-ray films using ECL Western blotting reagents (Amersham Biosciences, Little Chalfont, UK).
Real-time polymerase chain reaction
Cells were washed with phosphate-buffered saline, and mRNA was obtained using TRIzol. cDNA was obtained using the SuperScript First-Strand Synthesis System for RT-PCR. Detection of product was made using SYBR Green (Thermo Fisher Scientific). Relative quantification of mRNA transcription was performed by normalizing the Ct value of IDO to the Ct value of actin in control: 
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Regulation of IDO in endothelium and treated cells:
Then the ∆∆Ct product was calculated by subtracting the dCt value of controls from the dCt value of treated cells:
Using the formula 2 -∆∆Ct , the relative enhancement ratio of IDO transcription was estimated. The following primer sequences were used: HPRT forward: 5′-GCAGACTTTGCTTTCCTTGGTC-3′; HPRT reverse: 5′-CTGGCTTATATCCAACACTTCGTG-3′; IDO forward: 5′-GGTCATGGAGATGTCCGTTAA-3′; IDO reverse: 5′-ACCAATAGAGAGACCAGGAAGAA-3′.
Transfection of endothelial cells using microporation
Microporation apparatus, tips, buffers and the MP-1096 kit were purchased from Labtech International (Ringmer, UK). The desired number of cells were resuspended in 24 µL of microporation suspension buffer and kept at 4°C for the duration of the experiment. One microgram DNA was added and cells were transfected using microporation. The vectors used were pcDNA3.1 (empty vector), pSMART2G (empty vector), pcDNA3.1-EGFP, and pSMART2G-IDO. Voltage was set at 1,350 mV, pulse number at 1, and duration at 30 ms, and p10 tips were used. After microporation, cell aliquots were put in endothelial medium in 24-well plates at 37°C and left to incubate overnight. For experiments, cells were used in the first 3 days after transfection.
Transmigration assay
HSVECs were plated on a 24-well Transwell chamber at full confluence and left to incubate for 1 day. PBMCs were obtained from human donors or buffy coat using density centrifugation with Ficoll-Paque. T-cells were obtained from PBMCs using MACS bead separation, employing negative selection with biotin-conjugated antibodies against CD14, CD16, CD19, CD36, CD56, and CD235. Fractions were stained with CD3 fluorescein isothiocyanate to determine purity and those staining positive were used for experiments. T-cell fractions containing 3×10
5 cells were applied in 1:10 dilution on the top of the endothelial cells in the Transwell chambers and co-cultured for a further day. T-cells transmigrating through the endothelial monolayer were collected on the bottom chamber and their number determined using a hemocytometer.
statistical analysis of results
Results are presented as means + standard error of the mean. Statistical significance was carried out using a t-test assuming one-tailed distribution using two-sample unequal variance. P,0.05 was considered as a statistically significant value. Microsoft Excel data processing functions were used for data processing and analysis.
Results
IFnγ is the main regulator of IDO expression in primary hsVecs
Differential regulation of IDO in endothelial cells stimulated with IFNγ was evident in other studies depending on the endothelial cell origin. 26, 27 To demonstrate whether IDO expression in primary HSVECs was increased after IFNγ stimulation, these primary cells were treated with concentrations of IFNγ (0-120 ng/mL) for 2 days. IDO expression was assessed using immunoblotting, and IDO activity was assessed using an IDO activity assay. Results show that treatment of HSVECs with IFNγ (80 ng/mL) resulted in increased IDO expression and IDO activity (Figures 1 and S1) .
To investigate what other regulators drive expression of IDO, HSVECs were treated with IFNγ alone or in Notes: cells were treated with IFnγ (80 ng/ml) for 2 days. IDO expression levels were assessed using immunoblotting, and IDO activity was assessed using the l-kynurenine IDO activity assay. Results show that IDO protein levels (A) and IDO activity (B) are increased after hsVecs are stimulated with IFnγ for 2 days. Immunoblotting data (A) are presented as a representative blot of three experiments and kynurenine activity assay (B) is presented as means + standard error of the mean (n=4 
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Mouratidis and george combination with cytokines in relevant concentrations such as TNFα (80 ng/mL), IL-1β (20 ng/mL), IL-2 (20 ng/mL), IL-4 (40 ng/mL), IL-6 (40 ng/mL), IL-10 (40 ng/mL), and TGFβ (100 ng/mL) for 2 days. IDO mRNA expression was assessed using real-time quantitative polymerase chain reaction. Results show that IDO mRNA was increased after treatment with IFNγ but not after treatment with the other cytokines ( Figure 2A ). In addition, co-treatment of HSVECs with IFNγ and these cytokines did not result in significant change in IFNγ-driven increases in IDO expression and activity, suggesting that IFNγ was the main regulator of IDO in HSVECs ( Figures 2B and S2) .
VegF, heparin, and nitric oxide are negative regulators of IDO in hsVecs
IFNγ has exhibited antiangiogenic effects in human cornea by downregulating expression of VEGFα. 31 To identify whether crosstalk of IFNγ and VEGF pathways exists in HSVECs, these cells were stimulated with IFNγ (80 ng/mL) alone or in combination with VEGFβ (40 ng/mL) for 1 day and 2 days. Expression of IDO was determined using immunoblotting with a monoclonal antibody against human IDO. IDO was not expressed in unstimulated cells or cells treated with VEGFβ only (data not shown). When HSVECs were treated with IFNγ, then IDO protein levels were increased, whereas co-treatment of HSVECs with IFNγ and VEGFβ decreased IDO levels relative to stimulation with IFNγ only ( Figure 3A) . SOCS3 has been shown to target IDO for proteasomal degradation. 25 To investigate the possibility that SOCS3 protein levels are regulated in a similar manner to IDO's protein levels, its expression was investigated using immunoblotting. SOCS3 protein levels remained unchanged in cells treated with IFNγ only. However, when cells were co-treated with IFNγ and VEGFβ, SOCS3 protein levels increased after 24 hours and completely eliminated after 48 hours ( Figure 3A) .
We have previously used heparin in the culture of endothelial cells and questioned whether it interferes with the induction of IDO. 26 For this purpose, we measured the IDO response to IFNγ in the presence and absence of heparin. HSVECs were stimulated with IFNγ (80 ng/mL) with or without cell culture-relevant concentrations of heparin (1 mg/mL and 2 mg/mL). IDO activity was assessed using an IDO activity assay. This concentration of heparin was chosen because it is detected in endothelial cell media. Results show that heparin abrogated IFNγ-driven increases in IDO activity ( Figure 3B ).
Differential regulation of IDO activity by nitric oxide (NO) has been shown in monocyte-derived macrophages but not in microglial cells. 32 To investigate whether NO has a regulatory effect on IDO activity in HSVECs, cells were stimulated with IFNγ (80 ng/mL) with or without the NO donor DetaNO (10 µM and 50 µM). IDO expression levels were assessed using immunoblotting and IDO activity was assessed using the IDO activity assay. Results show that NO decreased IFNγ-driven increases in IDO activity. However, IDO protein levels did not follow the same regulation pattern ( Figure 3C and D) .
Increased expression of IDO in hsVecs does not affect T-cell transmigration properties
To determine the effect of IDO overexpressed in endothelial cells independently of IFNγ stimulation, primary HSVECs were transiently transfected with EGFP using microporation. EGFP fluorescence was detected up to 6 days using fluorescence microscopy ( Figure 4A ). Then, HSVECs were transiently transfected with an IDO plasmid. Overexpression of IDO was confirmed using immunoblotting ( Figure 4B ). IDOoverexpressing HSVECs were plated on Transwell chambers and left to incubate for 1 day. T-cells were then added in 
Discussion
IDO is an enzyme that metabolizes tryptophan and is known to be central in the regulation of immune responses. IDO can be expressed in endothelial cells and alters T-cell responses to the endothelium. The aim of this study was to identify regulators of IDO expression in HSVECs and to determine whether IDO expression in these primary cells pooled together from different donors affects inflammation-related processes. HSVECs were treated with proinflammatory and antiinflammatory cytokines. IDO transcription and protein levels and activity were then assessed. We were not able to detect IDO expression in endothelial cells cultured under normal conditions. Stimulation of HSVECs with different concentrations of TNFα, IL-1β, IL-2, IL-4, IL-6, and IL-10 either alone or in combinations had a negligible effect on IDO expression that did not result in a significant functional effect as determined by production of kynurenines (data not shown). However, stimulation of cells with IFNγ resulted in an increase in IDO expression and activity. The high concentrations of IFNγ used to achieve upregulation of IDO in HSVECs did not result in detrimental effects to the cells. Co-stimulation of IFNγ-treated endothelial cells with cytokines such as TNFα, IL-1β, IL-2, IL-4, IL-6, and IL-10 did not affect IDO expression and activity relative to cells treated with IFNγ.
Conflicting reports on the ability of HSVECs to increase IDO expression after treatment with IFNγ have been reported, and we have described that IFNγ is unable to upregulate IDO activity in HSVECs while confirming upregulation in HUVECs. 26 However, those previous experiments were performed with heparin as an additive to endothelial cell media to enhance cell proliferation and survival. To investigate whether heparin affects IFNγ-driven increases in IDO activity in HSVECs we replaced heparin with endothelial cell growth supplement factors, golden grade fetal calf serum and used specialized endothelial cell medium. By optimizing these cell culture conditions no significant loss of endothelial cell viability was observed. In addition HSVECs confluency was greater than 70% in experimental conditions. Using these experimental conditions we have shown that heparin, in concentrations routinely used in cell culture and experimental media, counteracts 
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Mouratidis and george the ability of IFNγ to upregulate IDO in HSVECs. Heparin interferes with IFNγ activity by binding to the cytokine and reducing its ability to bind and activate the IFNγ receptor. 33, 34 Heparin counteracts IFNγ-induced increases of iNOS in rat endothelial cells, 35 apoptosis of primary trophoblasts, 36 and fractalkine expression in human endothelial cells. 37 These results suggest that endothelial cells located in non-immuneprivileged tissues can exhibit induction of IDO activity after IFNγ stimulation in a similar manner to the endothelial cells associated with immune-privileged tissue.
VEGFα has been associated with IDO expression upregulation in prostaglandin E2-and TNFα-treated dendritic cells. 38 In addition, IFNγ has exhibited antiangiogenic effects in human cornea by downregulating expression of VEGFα. 31 In this study, we show for the first time that angiogenesis stimulators such as VEGFβ have a negative effect on IFNγ-driven 
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Regulation of IDO in endothelium increases in IDO expression and also regulate SOCS3 protein levels. Orabona et al and Pallota et al have shown that SOCS3 mediates proteasome degradation of IDO in dendritic cells. 25, 39 It is tempting to hypothesize that the same mechanism takes place in primary endothelial cells co-treated with VEGFβ and IFNγ. However, further research is needed to prove a direct link between VEGFβ and SOCS3-mediated proteasome degradation of IDO. NO has been shown to affect IDO activity in monocyte-derived macrophages at the posttranslational levels but not in other biological models such as microglial cells.
32
In our study, we confirm that NO has a negative effect on IDO activity at the posttranslational level. IDO catabolizes tryptophan by inserting oxygen to generate N-formyl-kynurenine. NO may inhibit this function by displacing bound tryptophan and oxygen after binding to IDO's active heme site. 40 The recruitment of inflammatory leukocytes from blood vessels is controlled by the expression of adhesion molecules on the endothelium as well as the secretion and presentation of chemokines. 26 To determine whether IDO expression in HSVECs affected T-cell transmigration, IDO was overexpressed in these cells using microporation. This method resulted in transfection efficiency of approximately 50% that is stable for at least 6 days. Transfected HSVECs were allowed to attach onto Transwell chambers and form a monolayer. The number of T-cells transmigrating through the endothelial monolayer transfected with IDO versus the number of T-cells transmigrating through the endothelial cells expressing basal levels of IDO was then determined. Using this technique, we were not able to demonstrate a significant change in T-cell transmigration. It is possible that the number of non-transfected cells in the monolayer was high enough to allow passage of T-cells. However, controls using IFNγ-treated HSVECs did not result in a significant change in the number of transmigrated cells.
IDO regulates immune responses which otherwise could cause tissue damage. The endothelial cell is one of the first contacts of an activated lymphocyte, hence whether it has the mechanistic capability to increase IDO expression and regulate the immune response is highly significant. Max et al have demonstrated that IFNγ-induced IDO expression in Ewing sarcoma cells decreased T-cell proliferation in co-culture assays 3 days after treatment, but no effect on T-cell proliferation was evident 1 day after treatment. 41 In contrast, Lahdou et al have shown that upregulation of IDO in corneal endothelial cells does not affect T-cell proliferation. 27 In addition, they demonstrated that extraordinarily high levels of l-kynurenine close to 400 µM are necessary for a suppressive effect on T-cell proliferation to be detected. In our study, we achieved relatively low levels of l-kynurenine concentration up to 10 µM (transfected cells) (data not shown) and 40 µM (IFNγ-treated cells) when assessed in 24-well plates. However, the levels of IFNγ used in our study were higher than the physiological levels of IFNγ found in blood serum of patients treated for infections, although it cannot be excluded that higher levels of IFNγ accumulate in the target tissue's microenvironment. So we believe that, with our chosen experimental procedures, we do not underestimate the IFNγ concentration and IDO expression the in vivo endothelial cells may be subjected to. In addition, it is important to distinguish between effects on cell proliferation and direct effects on transmigration properties of the cells. It is possible that the duration of lymphocyte exposure and the concentration of kynurenines the lymphocytes are subjected to, in the microenvironment of IDO-overexpressing cells, may dictate T-cell response. It is of interest to establish whether IDO may have additional roles in endothelium. Park et al have suggested that the role of IDO is different between target tissues and infiltrated immune cells while demonstrating that low endothelial IDO levels correlate with lower non-relapse mortality in patients with acute graftversus-host disease after allogeneic hematopoietic stem cell transplantation. 42 Wang et al have shown in mouse models of systemic inflammation that IDO expressed in vascular endothelial cells results in the production of kynurenines which regulate vascular tone and blood pressure regulation. 43 The data presented in this study build on previous published observations and altogether provide an insight into the mechanism by which endothelial cells regulate immune responses and the role of endothelial IDO. Our results show that HSVECs have the capability to upregulate IDO after stimulation with IFNγ but, at relatively low kynurenine concentrations, do not directly affect T-cell transmigration properties. We also show for the first time that angiogenesis stimulators negatively regulate the IFNγ-driven increases in IDO expression. Given the interest that exists in IDO and graft survival, it is of interest to investigate whether angiogenesis regulators can promote or inhibit graft survival in vivo and the possibility that this might be an IDO-dependent effect.
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